ABSTRACT Supercontinuum (SC) generation is demonstrated in a photonic crystal fibre (PCF) at 1550 nm with pulse widths of 0.3 to 2.5 ps. Subsequent band-pass filtering of the generated SC spectrum enables the realisation of an optical clock frequency translator continuously tunable up to the L-band.
INTRODUCTION
Photonic crystal fibres (PCF) are attractive for efficient generation of supercontinuum (SC) radiation [1] [2] [3] [4] [5] [6] . This is due to their design degrees of freedom which make it possible to enhance the nonlinear effects by reduction of their effective area and tailor their dispersion in order to favour soliton generation [4] or phase-matched processes [SI in the wavelength range of interest. Until now, SC generation in PCF has been mostly demonstrated in the visible range and femtosecond regime. However, some applications of SC can also be found in the field of optical fibre telecommunications, such as the realisation of multi-wavelength short pulse sources or wavelength converters for multicasting [7] . Another interesting new application is the realisation of a tunable optical clock translator for high-speed optical time division multiplexing (OTDM) systems where a clock signal at the base rate is transmitted simultaneously with the time multiplexed data signal in order to ease the clock recovery at the receiving end, as was proposed in [PI. The optical clock signal is customarily derived from the pulse source using wavelength conversion in a non-linear optical loop mirror. Using instead a tunable clock translator based on supercontinuum would save the cost of a tunable laser. All those applications set new requirements on the SC source, which has to operate in the 1550 nm telecommunication window with pulse widths in the picosecond range, and furthermore be made compatible with fibre optics components. T h e realisation of a 24 channel 10 GHz pulse source based on a high non-linearity PCF has been recently reported [9] . However, the reduced core diameter necessary to achieve a high non-linear coefficient (-70 W-'.km") required lens coupling to the PCF.
In this paper, we report on supercontinuum generation in a highly nonlinear PCF around 1550 nm using pulse widths in the 0.3 to 2.5 ps range. This result is achieved using components compatible with standard fibre optics technology, including the PCF which is spliced to a standard single mode fibre. Subsequent band-pass filtering of the generated supercontinuum enables us to demonstrate continuous optical clock translation from 1552 nm up to the L-band.
EXPERIMENTS
The experimental set-up is shown in Fig. 1 . A pulse train is generated by a mode-locked fibre ring laser (MLFRL) with a repetition rate of I O GHz, before being amplified by an erbium doped fibre amplifier (EDFA) delivering up to 30 dBm average power. The pulses are compressed in a non-linear pulse compressor (NLPC) made of alternating lengths of highly non-linear fibre and standard single mode fibre, before being input to 50 m . The nonlinear coefficient of the PCF was measured to be I8 W.'.km? and its birefringence is estimated to I . l x IO4. The PCF is spliced to standard single-' mode fibre pigtails. Due to the fibre birefringence, a polarisation controller (PC) is used before the PCF. Part of the signal is tapped with a coupler at the PCF output in order to check the width ofthe generated supercontinuum with an optical spectrum analyser (OSA). The remaining fraction of the light at the PCF output is filtered using a tunable optical band-pass filter (TF) before being amplified, detected by a photodiode (PD) with 50GHz bandwidth and displayed on a high speed sampling oscilloscope.
First, pulse durations smaller than 0.5 ps were used to generate a supercontinuum with a pump wavelength of 1550.5 nm. The influence of the fibre birefringence is illustrated in Fig. 2 (a) and (b) where e o SC spectra with fairly different features are shown, depending on the state of polarisation of the light at the PCF input. In the fust case ( Fig. 2 (a) ), the SC extends over 60 MI (-20 dB bandwidth), whereas for the orthogonal state of polarisation ( Fig. 2 (h) ), a larger SC bandwidth of 75 nm is obtained, at the expense of a deeper notch in the spectrum around 1585 nm. Such bandwidths cover the C and L bands used for optical communication. It was checked whether the generated supercontinuum could be sliced using the tunable band-pass filter placed after the PCF. Fig. 2 (c) and (d) show the clock.signal .obtained from.the supercontinuum at a wavelength of 1578.4 nm and 1574.1 nm respectively, and corresponding to the spectra of Fig. 2 (a) and (b) respectively. The top trace in those figures show the original clock signal at 1550.5 tun, whereas the bottom trace corresponds to the converted clock signal.
A clear converted signal appears whenever the clock at the PCF input is launched parallel to one of the principal polarisation axes of the fibre. This enabled us to ensure that the spectra of Fig. 2 (a) and (b) correspond to pump light launched parallel to the principal axes. It should be noted that the pulse duration i s slightly different in the cases of Fig. 2 (a) (c) and (b)(d), with full-width half-maximum of the autocorrelation trace equal to 0.5 and 0.4 ps respectively. We have therefore demonstrated that, with such pulse durations, we are able to translate our original clock signal up to the L-hand. The maximum wavelength for which clock translation was observed in our experiments was limited by the band-pass filter tunability and not by the extent of the supercontinuum. Supercontinuum was also successfully generated using a pulse width of 2.5 ps as shown in Fig. 3 . Here, the pump clock signal was tuned to 1547.7 m. Figure 3 shows the build-up of supercontinuum when the pump average power is increased from 17.4 to 22.2 dBm. A peak at 1585 mi can be seen to shift towards lower frequencies when the pump power is increased. In addition, the peak appears at a wavelength approximately phase matched to the principal peak in the spectrum. This phase matching across the zero dispersion wavelength is seen in the soliton fission process, when a femtosecond pulse is used to generate a supercontinuum [4] . Furthermore, the side lobes around the pump wavelength indicate a contribution from degenerate four wave mixing, a process that has been clearly observed in a regime of longer picosecond pulses [2]. Therefore, physical
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Mo.CI.6 processes associated with SC generation with femtosecond pulses as well as processes associated with SC generation with picosecond pulses appear in the regime presented here (0.3-2.5 ps), but the respective contribution of the different physical processes need to be better elucidated. Numerical simulations offer a flexible tool in order to identify the physical origin of the SC features and to optimise the generated spectra and some work has been initiated in this direction. 
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NUMEMCAL MODEL
The supercontinuum generation was modelled using the propagation equation ( Figure 4 presents a comparison of the calculated and experimental spectra obtained for a pump wavelength of 1550.5 nm, a pump power of 22 dBm and a pulse width equal to -0.3 ps (corresponding to Fig. 2 (b) ). A number of spectral features such as the two peaks at 1545 and 1595 nm, the plateau in-between and the notch around 1585 nm are reproduced in the numerical results, although a wavelength offset can be noticed when compared to the measurement.
Possible explanations for this discrepancy are: (i) the wavelength dependence of the effective area and (ii) the loss coefficient are not taken into account; (iii) the fibre birefringence and difference in GVD for the two principal polarisation axes are not modelled. Nevertheless, our model enables to accurately predict the main features of the generated supercontinuum. It is therefore expected that a more accurate description of the experimental conditions should allow for a closer match between the SC spectra obtained experimentally and by numerical simulation.
CONCLUSION
We have demonstrated supercontinuum generation over the entire C and L band by pumping a highly non-linear photonic crystal fibre with zero dispersion at 1552 nm with picosecond pulses at a repetition frequency of IO GHz. Spectral slicing. was achieved using an optical tunable bandpass filter, enabling to demonstrate the realisation of an optical clock wavelength translator from -1550 nm up to the L-band. It should be emphasised that the highly non-linear PCF used in those experiments was spliced to standard single mode fibre pigtails, making our clock wavelength translator entirely compatible with fibre optics technology. Numerical simulations have been initiated in order to identify the mechanism involved in the generation of supercontinua in the picosecond regime. Optimisation of the dispersion profile of the PCF should allow for a better control of the physical processes involved in order to optimise the generated SC spechum, especially with respect to its wavelength uniformity
